These authors contributed equally to this work * Corresponding Author (njeon@snu.ac.kr) Keywords: Blood-brain barrier; Brain angiogenesis; 3D microvessel model; Microfluidic system; Efflux transporter; P-glycoprotein; 3D extracellular matrix; Hyaluronic acid 0. Abstract Human central nervous system (CNS) vasculature in brain expresses a distinctive barrier phenotype, the blood-brain barrier (BBB), which protects the brain against harmful pathogens. Since the BBB contributes to low success rate in CNS pharmacotherapy by restricting drug transportation, the development of an in vitro human BBB model has been in demand. Previous models were unable to fully represent the complex threedimensional (3D) anatomical structure or specific barrier phenotypes of the matured BBB. In this study, we present a physiological 3D microfluidic model of the human BBB that mimics its developmental process including CNS angiogenesis and subsequent maturation in concert with perivascular cells. We used microfluidic hydrogel patterning to precisely and sequentially load perivascular cells into the model, investigate the role of each cell type on BBB phenotypes. We confirmed the necessity of the tri-culture system (brain endothelium with pericytes and astrocytes) to attain the characteristic BBB vascular morphology such as minimized diameter and maximized junction expression. In addition, endothelial-perivascular cell interaction was also critical in reconstituting p-glycoprotein (p-gp), efflux transporter in our model that works as metabolic barrier of BBB and blocks drug to enter CNS. The 3D hydrogel matrix was tuned with hyaluronic acid (HA) to optimize the interaction between endothelial cells and astrocytes. Our in vitro BBB system mimics CNS angiogenesis and characteristic features of BBB. We expect the model will contribute to deeper understanding of neurodegenerative diseases and cost-efficient development of effective CNS medications.
Introduction
Blood vessels in the brain cooperate with neuronal and perivascular cells to develop a highly specific microenvironmental niche called the neurovascular unit. The endothelium within the neurovascular unit forms the blood-brain barrier (BBB), which exhibits stronger and more selective barrier function than that of other tissues. The barrier function of the BBB is important to maintaining homeostasis in the CNS and protects it from pathogens; however, it also blocks numerous drug molecules that may useful for treating CNS diseases [1, 2] .
Specifically, highly developed junction proteins between endothelial cells (ECs) physically restrict hydrophilic compounds, such as polar drugs, from entering the CNS while allowing the passage of essential hydrophobic molecules including oxygen and hormones. The transport of small hydrophilic molecules is tightly regulated by specific transport systems on luminal and abluminal membranes of brain ECs in an ATP-mediated manner. Nutrients are selectively permitted to enter the CNS, whereas potentially harmful materials are blocked or actively released from cells by specialized transporters [3] . Importantly, these unique BBB functionalities are acquired via complex cellular interactions during developmental angiogenesis of the CNS [4] [5] [6] . Although some molecular mechanisms involved in BBB phenotypes have been discovered, the complex interplay between BBB cell types has yet to be fully elucidated. Thus, much effort has been devoted to developing in vitro models to mimic BBB physiology since many genes of interest related to BBB have shown embryonic lethality [4] .
As cellular interactions among brain ECs, astrocytes, and pericytes in the BBB microenvironment are critical to developing the BBB phenotype, in vitro models have emphasized the importance of co-culture. Static models using a transwell culture system were first introduced in the 2000s; these studies focused on measuring transendothelial electrical resistance (TEER) to determine how pericytes and astrocytes contribute to junction development and barrier integrity. Although early transwell models used mouse brain ECs [7, 8] , Hatherell et al.
[9] developed a tri-culture transwell model using immortalized human ECs, pericytes, and astrocytes. The strength of these models was the simplicity of their culture methods, however, they could not recreate the dynamic fluid conditions of the CNS vascular niche or the complex physiological anatomy of the BBB.
Recently, microfluidics-based models have made progress towards developing in vitro BBB models by providing surmounting these limitations. Ross et al. [10] presented the first microfluidic BBB model, which was designed with a monolayer of mouse EC cells over a porous membrane co-cultured with or without mouse astrocyte cells. This system was optimized to measure TEER for the analysis of endothelial permeability under various conditions. The model introduced fluidic shear stress, which was impossible to attain in previous static models. A number of studies inspired by this model have employed microfluidic BBB models to study BBB functionality and drug delivery [11] [12] [13] [14] [15] . These models demonstrated poor physiological resemblance to the human BBB due to absence of human primary cells, and failed to accurately represent the 3D structure of the luminal vasculature within the surrounding 3D extracellular matrix (ECM) microenvironment.
Within the past 3 years, several 3D BBB vascular models have appeared. Cho et al. [16] designed a 3D BBB model to study neurovascular pathology in a rat brain EC cell line and introduced neutrophil, which extravasates from the 3D lumen in the presence of a tumor necrosis factor-alpha (TNF-α) chemotactic gradient. Herland et al.
[17] used human-derived primary brain ECs, astrocytes, and pericytes in a 3D model to show natural interactions among cells in the absence of any artificial barrier, such as a porous membrane. In vitro models of the neovascular unit consisting of 3D vasculature with neurons and astrocytes have also been introduced and contributed to the establishment of a co-culture protocol for ECs and neuronal cells [18, 19] . However, among these models, 3D vasculature is recreated artificially by attaching ECs to the walls of the pre-lumenized ECM or microfluidic channel. This protocol overlooks the process of CNS vasculature development, which is critical to the acquisition of unique phenotypes, such as narrow vascular morphology and high efflux transporter expression in BBB.
Exceptionally, CNS vasculature is not developed via vasculogenesis which is canonical mechanism for common vasculature development. Rather than vasculogenesis, angiogenesis is the main mechanism for development of CNS vasculature in which ECs sprout from the perineural vascular plexus to invade the embryonic neuroectoderm towards a gradient of a proangiogenic factor such as vascular endothelial growth factor (VEGF-A) [4, 20] . Several review articles have explained that BBB development occurs in three sequential steps: angiogenesis, differentiation, and maturation [2, 4, 20] . EC phenotypes change in each phase; for example, transcytotic vesicles and leukocyte adhesions are robust in the early angiogenesis phase and decrease during the maturation phase. In contrast, the expression of tight junctions and efflux transporters is increased between the differentiation and maturation phases, and some CNS angiogenesis-specific molecular systems, such as Glut-1, are regulated by Wnt-β-catenin signaling, which is related to barrier-specific properties [2, 21] . Moreover, Umans et al. also reported that barriergenesis of BBB occurs simultaneously with CNS angiogenesis in vivo using zebrafish mutant model [6] . These examples clearly show the strong interconnection between the maturation of BBB functionality and CNS angiogenesis ( Fig. 1B) .
We have established a microfluidic-based in vitro model by mimicking in vivo CNS angiogenesis, thus maximizing the physiological relevance of the model to BBB development. We designed the model to reconstitute the 3D CNS microenvironment, wherein BBB functionality is developed. In this model, all three types of primary human cells (brain ECs, astrocytes, and pericytes) have an in vivo-like 3D morphology, with direct cellular interactions occurring within the microfluidic channel. By mimicking the sequential process of BBB development, we were able to confer in vivo-like morphology and barrier function on our in vitro model.
We focused on verifying the p-gp efflux transporter system, which is representative of the BBB metabolic barrier mechanism. This functionalized in vitro system will potentially serve as a novel platform to reveal unknown human BBB biology and test the efficiency of drug delivery systems across the human BBB.
Materials and Methods

Microfluidic device fabrication
Microfluidic device was fabricated by polydimethylsiloxane (PDMS, Slygard 184, Dow Corning) using replica molding. The master mold was made through photolithography on silicon wafer using photoresist, SU-8 100 (MicroChem) resulting patterns of microstructure having height of 150㎛. Liquid sate of PDMS prepolymer was completely mixed in 10:1 (w/w) ratio of PDMS base and curing agent, then poured on the master to be polymerized for 30 minutes on hot plate. PDMS device was gently peeled off from the master, then media reservoirs and hydrogel inlets/outlets were punched using biopsy punch and sharpened hypodermic needle (18 gauge), respectively. Finally, the device was cleaned with adhesive tape to remove dusts or extra PDMS particles, then plasma bonded to be covalently bonded with clean coverslip. As plasma bonding made the device hydrophilic inadequate for patterning hydrogel channels, it was stored on 70℃ dry oven for at least two days before loading hydrogel in order to restore its hydrophobicity.
Cell culture
Primary human brain microvascular endothelial cells (HBMEC, CellSystems) were cultured in endothelial basal medium-2 (EBM-2, Lonza) supplemented with EGM-2 MV BulletKit (Lonza). Primary human umbilical vein endothelial cells (HUVEC, Lonza) were cultured in EBM-2 supplemented with EGM-2 BulletKit (Lonza).
Both ECs were cultured in dish to have less than 80% of confluency during passaging or experiments. In addition, they are both used in experiments at passage 4 or 5. Primary human pericytes from placenta (hPC-PL, PromoCell) were cultured in pericyte growth medium (PGM, PromoCell) and used in experiments at passage 7 or 8. Primary normal human astrocytes (NHA, Lonza) were cultured in astrocyte growth medium (AGM, Lonza) and used in experiments at passage 6. Primary normal human lung fibroblasts (LF, Lonza) were cultured in fibroblast growth medium (FGM, Lonza) and used in experiments at passage 6. All cells were maintained in culture condition of 5% CO 2 and 37℃ inside humidified incubator.
Cell seeding for CNS angiogenesis
For our 3D cell culture of BBB microvasculature, fibrin hydrogel was basically used for ECM. The fibrin hydrogel solution (10mg/ml) was prepared by fibrinogen from bovine plasma (Sigma-Aldrich, F8630) diluted in phosphate-buffered saline (PBS, Hyclone), then mixed with aprotinin solution (0.45U/ml, Sigma-Aldrich, A1153) in volume ratio of 25:4. To generate 3D cellular matrix inside the microchannel, cell suspension is mixed with prepared fibrin hydrogel solution at volume ratio of 3:1 to yield final fibrin concentration being 2.5mg/ml. The cellular hydrogel solution is injected inside microfluidic channel as soon as it is quickly mixed with thrombin solution (1U/ml, Sigma-Aldrich, T4648) in volume ratio of 50:1, resulting cross-link of hydrogel around in 3 minutes.
In order to generate BBB microenvironment for CNS angiogenesis, different types of cells were sequentially loaded inside the microchannel over two days. All of media used in cell culture on microfluidic BBB platform is a mixture of EGM2-MV and AGM in 1:1 ratio, in order to maximize viability and physiological characteristics of both ECs and astrocytes. In first day, LFs were mixed with fibrin hydrogel solution and loaded on the side channel F in final cell concentration of 6x10 6 cells/ml. Astrocytes followed after being 3D patterned by mixing with fibrin hydrogel solution and loaded on the center channel C in final concentration of 4.5x10 6 cells/ml. After 5 minutes later while hydrogel was crosslinked enough, media was introduced on top two media reservoirs among four total reservoirs. As the chip is initially hydrophobic during hydrogel loading step, the media could be entirely fill inside the media channels, channel M1 and M2, by vacuum aspiration from other two unfilled media reservoirs. Media was filled enough and samples were incubated at 37℃ overnight. Next day, all media in four reservoirs were aspirated while slight amount of media remain inside the media channels. The device was tilted in 90° as channel M1 and M2 goes up and down, respectively. Then, 5㎕ of cell suspension, mixture of HBMECs and pericytes in ratio of 6:1 (total cell concentration is 5x10 6 cells/ml), was injected on one of the reservoirs connected to channel M1 in order to make cells to be attached on the left side of previously loaded 3D hydrogel matrix in channel C. The sample was incubated at 37℃ as it was tilted for 30 minutes which is enough for cells to form focal adhesions on fibrin ECM matrix. Finally, all reservoirs are filled with medium and cultured in humidified incubator at 37℃ and 5% CO 2 .
The sequential cell loading progress described above is one of four co-culture conditions conducted in this research, condition EAP having all composing BBB cells in a 3D microenvironment. For condition E and EP, channel C is filled with acellular fibrin hydrogel (final concentration is 2.5mg/ml) at the first day. For condition E and EA, cell suspension being introduced to be attached on the side of the central channel C at the second day is only composed by ECs (final concentration is 5x10 6 cells/ml). To avoid the effect of medium component dominating the effect of cellular interactions, culture media are same in all co-culture conditions.
Immunostaining
All samples were fixed with 4% paraformaldehyde (Biosesang) for 15 minutes. In advance to introducing antibodies, samples were pre-treated with 0.2% triton-X 100 (Sigma-Aldrich) during 20 minutes for permeabilization. Treatment of 3% bovine serum albumin (BSA, Sigma-Aldrich) followed after for 1 hour in order to avoid unspecific bonding of antibodies. All chemical solutions were treated at room temperature and they are introduced inside the microchannel by adding around 30㎕ on top two reservoirs after aspirating remaining liquid on four media reservoirs. After BSA treatment, the samples were filled with PBS and stored in 4 before immunostaining.
Antibodies as a marker for specific cell type were introduced after removing PBS. 
Imaging and image analysis on vessel morphology
Confocal laser scanning unit (Olympus FV1000) with IX81 inverted microscope (Olympus) was used to reconstruct 3D microenvironment of BBB network. Images were captured by confocal PMT detector and x10, x20 lenses were used (Olympus). Confocal images were processed by software called IMARIS (Bitplane).
Live cell imaging for calcein-AM efflux test was performed using inverted fluorescence microscope (Nikon Eclipse Ti, Japan) and microscope software NIS elements was used for multi-stage and time-lapse imaging (Nikon). Images in this microscope was captures using Hamamastsu Orca R2 camera at 16-bit depth and x20
lens was used to analyze individual vessels in vasculature network (Nikon).
Fiji (http://fiji.sc.), open access software, was used to analyze confocal images of BBB vasculature. Zprojection of whole stack could result misreading of branch information since two or more vessels will overlap in same position, the sample stacks were divided in lower and upper parts before the projection. After original 3D images were projected and converted into 2D binary masked images, we then conducted measurement of vessel morphology. Total vessel area was calculated in ratio (%) of total vascular area value over total matrix area value ranging from start point of branching. Starting point of branching in each co-culture condition varied so the vessel area was analyzed in ratio of coverage. Average vessel diameter was measured along a line that vertically divides the vessel network into half. All pixel values, 0 or 255 since they were binary images, along the line were measured and we determined the vessel boundary as the value changes to 255. We measured the length of line having continuous value of 255 and recorded as vessel diameter in each sample.
Western blot assay
Expression level of endothelial cell adhesion molecule CD31 (PECAM-1) and endothelial tight junction protein ZO-1 were quantified by western blot assay. PDMS microfluidic chips for the assay were exceptionally attached on PSA film without plasma bonding, instead of cover glass with plasma bonding. This fabrication enabled detachment of chips after culture. After 7 days of culture after EC attachment, samples were washed with PBS for three times. PSA film was removed gently and cellular hydrogel remaining on PDMS piece was lysed in RIPA buffer (T&I) with 1x protease inhibitors. Lysed samples were collected and total protein concentration of each sample was quantified by Bradford assay. 15㎍ of protein was separated on SDS-PAGE gel (8%) and transferred to PVDF membrane (GE Healthcare). 5% skim milk in TBS-T buffer (25mM Tris, 190mM NaCl and 0.05% Tween 20, pH 7.5) was used to block PVDF membrane for an hour, then primary antibodies, rabbit anti-ZO-1 antibody(250:1, Abcam), rabbit anti-CD31 antibody (250:1, Abcam) or rabbit anti-β actin (1000:1, Abcam) was applied on each membrane overnight at 4℃. Samples were washed again for three times, 30 minutes each, by TBS-T buffer. IgG-HRP secondary antibody was introduced in concentration of 500:1 or 1000:1 for 1h 30minutes at room temperature. Visualization was performed using the Clarity Western ECL substrate (Bio-Rad). Band intensities were measured using Fiji software.
P-glycoprotein inhibitor test by Calcein-AM efflux assay
Samples cultured for 7 days after EC attachment were pretreated with Valsopodar (Adooq), also known as PSC-833, in concentration of 10μM for 10 hours. Control groups were also pretreated with DMSO added media at the same time. Then, media of all four reservoirs were removed in each chip and clacein-AM (ThermoFisher) diluted in concentration of 2μM was added on top two reservoirs, 150㎕ individually. After 30 minutes, solution was removed and inhibitory media and DMSO control media was added on reservoirs again for live imaging. Multiple regions of each condition were selected and total 59 regions were captured every 20 minutes by using multi-stage and time-lapse imaging program. We finally gained 33 timeframes for each region for 640 minutes of imaging. For each time frame image, we specifically designated five squared points ( 
Fibrin-HA ECM matrix preparation
Hyaluronic acid (HA) was prepared by HyStem TM Cell Culture Scaffold Kit (Sigma) which consist of HyStem and Extralink1 and they were both prepared in concentration of 10mg/ml. HA and crosslinker was mixed in volume ratio of 4:1. Then the mixture was finally added on prepared fibrin hydrogel solution with cell suspension right before loading in the microfluidic channel. Final concentration of fibrin was fixed as 2.5mg/ml, on the other hand, HA's final concentration was controlled as 0mg/ml, 1.5mg/ml and 2.5mg/ml in each condition.
Results
The Microfluidic model mimicked CNS angiogenesis and reconstituted the BBB microenvironment in a 3D ECM
To reconstitute the human BBB system, we used our previously developed microfluidic platform [22] which has four channels compartmentalized by arrays of micro-posts ( Fig. 1A and 1B ). Briefly, channel C is the main region of interest, wherein the 3D BBB microenvironment is developed. Channel M1 and M2 are positioned next to channel C and connected to reservoirs for media supply. Channel F is positioned next to channel M2 to pattern the fibrin hydrogel-embedded 3D stromal cell culture. Channels C and F were filled with human astrocytes and human normal LFs, respectively, and stabilized in 3D fibrin hydrogel for 1 day. HBMECs were then mixed with human pericytes and attached along the M1-C boundary (Fig. 1C ). Brain ECs exhibited sprouting from the left side to the right side of channel C, and pro-angiogenic factor gradients were generated by LFs in channel F. Interestingly, pericytes and astrocytes exhibited physical associations with newly formed 3D brain microvessels. After 6 days of culture, ECs reached the other side of the channel and the blood vessel network was perfused ( Fig. 1D ). We confirmed the perfusion and integrity of the vascular network with FITCdextran (70 kDa) ( Supplementary Fig. 1A ). Most parts of the network were perfused regardless of vessel diameter or density, making the platform eligible for various types of transluminal assays. Importantly, pericyte coverage was observed along microvessel surfaces, whereas multiple astrocyte end-feet directly contacted the perfused network, resembling the constitution of the BBB microenvironment ( Fig. 1E , Supplementary Video 1).
Endothelial-perivascular cell interaction regulates shape of the vascular network generated by CNS angiogenesis
It is widely acknowledged that interactions between brain ECs, perivascular cells, and their corresponding microenvironments determine the distinct character of the BBB [3, 23-29]. However, these complex interactions have yet to be simulated by current in vitro BBB models.
To investigate how co-cultured perivascular cell types interact with blood vessel cells in our system, we first analyzed the morphology of the blood vessel network co-cultured with endothelial astrocytes (EAs), endothelial pericytes (EPs), or both cell types (EAPs) ( Fig. 2A ). Perivascular cells suppressed blood vessel dilation. The total area and branch width of the vessels significantly decreased under co-culture. Interestingly, EA-and EPsuppressive effects were synergetic under tri-culture (EAP).
The ratio of total vessel area to total ECM matrix area in channel C was measured for each sample (Fig. 2C ).
We selected this analysis protocol instead of analyzing actual area values because the starting points of branches from the left end of channel C differed among co-culture conditions, as illustrated in the masking images of vessel network (Fig. 2B) . Condition E resulted in 53.02% of coverage at day 7, which was the maximum among all conditions. Under condition EA at day 7, some branches were of similar width to those under condition E, but others were much narrower. Vessels were sparsely distributed along the overall network under condition EA, resulting in the second lowest vessel area percentage (39.27%). Under condition EP, the vascular network covered 46.71% of the total vessel area at day 7. Under tri-culture, the BBB network had significantly lower coverage under condition EAP, at 17.01%. Differences in vascular geometry among co-culture conditions were not significant during the early stage of CNS angiogenesis, according to the total vessel area at day 2 post-EC loading. This result indicates that morphological characteristics were gained through cellular interactions between ECs and perivascular cells throughout the angiogenic progress. We also examined vessel diameter (Fig.   2D ). The lowest average vessel diameter was observed under condition EAP at day 7, at 34.64μm, which was 2.7-fold narrower than that under condition E and 1.9-fold narrower than that under conditions EA and EP.
We conducted the same co-culture experiment using human umbilical vein endothelial cells (HUVECs) instead of HBMEC; the origin of these cells does not match the CNS microenvironment. Vessel morphology results for each co-culture condition were very different from those of the HBMEC experiments ( Supplementary   Fig. 2A ). We confirmed this finding by quantitative analysis of the total vasculature area at day 5 ( Supplementary Fig. 2B ). Unlike HBMECs, HUVECs under the tri-culture condition did not yield the smallest vascular areas. The largest vessel coverage was observed in the presence of astrocytes and ECs only. These results indicate the importance of the origin of ECs to the development of in vitro BBB models.
Expression of BBB specific junction proteins
A distinguishing phenotypic feature of maturation during BBB development is the significant expression of junction proteins and basal lamina proteins on ECs. Therefore, we verified these phenotypes in the model by immunocytochemistry and western blot analysis. The expression of endothelial tight junction proteins ZO-1 ( Fig.   3A ), Claudin-5 ( Fig. 3C ), and adherens junction protein VE-cadherin ( Fig. 3C) in HBMECs was individually visualized by confocal microscopy.
We were able to clearly confirm differences in expression intensity and geometry due to co-culture conditions, particularly for ZO-1 expression. Four representative images of anti-ZO-1 immunostained (green) HBMECs under different co-culture conditions were taken at the same settings (Fig. 3A ). Under condition E (HBEMCs mono-culture condition), ZO-1 expression was not significant around cell-to-cell boundary, instead distributed over the cell body. When HBEMCs sprouted in the presence of astrocytes (condition EA), the boundaries between ECs were visible through the ZO-1 junction. However, the expression signal was weaker than that under conditions EP and EAP. Condition EAP exhibited the strongest ZO-1 intensity and a clear zipper-like boundary between ECs. These differences in fluorescence intensity indicate that the expression of the ZO-1 tight junction protein was determined by cellular interactions between ECs and surrounding BBB perivascular cells.
Moreover, the highest expression level in presence of all types of BBB cells show that BBB maturation was reconstituted in the model.
We confirmed the immunofluorescence result with western blotting (Fig.3B ). Since the number of ECs in each condition varied ( Supplementary Fig. 3A ), ZO-1 expression level was normalized to the amount of endothelial cells in each sample by CD31 expression level. The ratio of average expression level of ZO-1 over CD31 reached a maximum under condition EAP (2.458) which was 3.36-fold higher than that of condition E (0.731). Ratio of expression level in condition EA (1.162) and condition EP (1.562) was both higher than that of condition E. This quantitative result was consistent with the result of the immunofluorescence intensity analysis.
The expression of basal lamina proteins, such as collagen IV and laminin, was then verified in the 3D BBB in vitro model. Under condition EAP, vasculature was immunostained after being fully matured for 7 days, and exhibited deposition of basal lamina around the perivascular surface. Confocal images clearly showed a layer of ECM proteins marked with either anti-collagen IV (orange) or anti-laminin (purple), and wrapping ECs marked by anti-CD31 (green) ( Fig. 3D ).
Functional efflux pump eligible for multi-drug resistant assay
Efflux transporters on the surfaces of brain ECs prevent intracellular accumulation of the substrate and exhibit primary BBB barrier function. These transporters restrict the entry of drugs, resulting low success rate of CNS drug discovery [29, 30] . Among these transporters, p-gp is a well understood ATP-driven efflux pump that is multi-specific to various drugs [30] [31] [32] . Therefore, p-gp inhibitors were highlighted for use in drug co-treatment, resulting in enhanced effectiveness of the drugs [30] .
Thus, we first determined p-gp expression by immunofluorescence imaging in tri-cultured in vitro BBB microvessels. In section view, p-gp (red) was spatially located in the intraluminal side of the ECs (Fig. 4A , yellow arrowhead). To demonstrate the usability of our co-culture system as a drug testing platform, we tested the functionality of efflux transporters in our model under different co-culture conditions. Based on previously described calcein-AM fluorometric functional assays [33, 34] , we used calcein-AM molecules as a substrate of p-gp to trace the transcellular dynamics of CNS drugs (Fig. 4B) . A fully perfused vascular network of EC monoculture or BBB tri-culture was pre-treated with the p-gp inhibitor Valsopodar (PSC-833; Adooq) for 10 hours at a concentration of 10μM. Calcein-AM (C3100MP; Thermo Fisher) was then introduced at a concentration of 2μM to be uptaken by ECs. The efflux was monitored every 20 minutes for total 640 minutes using a live imaging system ( Fig. 4C ).
Intracellular fluorescence diminished over time ( Fig. 4D and 4E) , however, the rate of decrease differed between culture conditions. Interestingly, whether the inhibitor was pre-treated or not influenced the efflux rate of intracellular calcein only under BBB tri-culture. ECs under tri-culture showed 1.87-fold decrease in the rate of change in intensity over the initial intensity (∆I/I t=0 ) when inhibitor was pre-treated. In detail for BBB tri- 
Matrix modification enhanced astrocyte-EC interaction
The ECM plays a key role in regulating distinct cellular physiology in different tissues. Brain tissue surrounding the BBB is rich in ECM materials such as hyaluronic acid (HA), proteoglycans, and tenascins [35] .
The critical role of HA in regulating the astrocyte phenotype in vitro has been reported previously [36] [37] [38] .
To further recapitulate the distinct star-shaped morphology of astrocytes surrounding blood vessels, we tested the effect of HA in our system. We added HA hydrogel in different ratios, and then cultured HBMECs and astrocytes together until the vessel network formed in the central channel (Fig. 5A ). As the proportion of HA was increased, astrocytes displayed a more star-shape morphology. When fibrin and HA were mixed at a 1:1 ratio (final concentrations of both fibrin and HA were 2.5 mg/mL), astrocytes were more branched than in fibrin gel only. A similar result was obtained when fibrin and HA were mixed at a ratio of 2.5:1.5 (final concentrations of fibrin and HA were 2.5 and 1.5 mg/mL, respectively), and most astrocytes had protrusions. This result agreed well with previous reports [36] [37] [38] .
Vascular morphology, such as vessel width and lumen structure, was not significantly affected up to the addition of 1.5 mg/mL HA, whereas the effect of HA on astrocyte morphology was saturated at this ratio. Thus, we used a 2.5:1.5 mixture of fibrin and HA to perform a BBB tri-culture assay in the ECM. In the tri-culture model, astrocytes displayed a well-differentiated star-shaped morphology and more protrusions than the lineshaped astrocytes compare to fibrin-only hydrogel. These protrusions projected more astrocyte end-feet on endothelium, which may implicate increased astrocyte-EC interaction in our system (Fig. 5B ).
Discussion
The development of an in vitro model capturing the complex physiology and barrier function of the BBB is crucial for understanding its biology, and for the design of CNS drugs. In this study, we reported a novel in vitro model that mimics BBB development via the mechanism of CNS angiogenesis, lending the model high physiological relevance. We demonstrated the importance of the 3D microenvironment in establishing the BBB phenotype, and the functionality.
Since in vivo BBB vasculature is distinctively developed through angiogenesis, and its functional phenotypes are emerged during the maturation process [4, 20] (Fig. 1B) , our main strategy for attaining an in vivo-like model was to mimic the CNS angiogenesis. Our microfluidic model allowed long-term culture (> 1 week), and the vasculature had matured sufficiently to obtain BBB phenotypes. Morphological phenotypes that recapitulate BBB characters, such as limited vessel dilation ( Fig. 2B and C) , astrocyte end-foot and pericyte coverage on the vessels (Fig. E, Supplementary Video 1) , were observed about a week of culture; these phenotypes were not visible in early stages of culture ( Fig. 1D) . Thus, mimicking the biological process of BBB development allowed the maturation of in vivo-like phenotypes in our model.
We showed critical role of cellular interaction among three cell types constituting BBB in our in vitro model (Fig. 2) . BBB vessel is distinctly narrower than other tissue microvasculature [39, 40] . We clearly demonstrated that the diameter of vasculature was narrowest under tri-culture conditions (Fig. 2D ). This trend highlights critical role of endothelial-perivascular cell communication on regulating vascular morphology in our model, although the diameter was slightly larger than known human brain capillaries (8-10μm ) [40] . As we know, the average diameter of 34.64μm in this study is the smallest engineered vessel diameter that have been reported hitherto. The origin of ECs also seemed to be responsible for the specific BBB vascular phenotype ( Supplementary Fig. 2 ). Using HUVECs originated from umbilical cord failed to represent the characteristic narrow-diameter BBB vasculature. Moreover, co-culture with different types of perivascular cells resulted different tendency compared to that of HBMECs. Junction expression was also distinguishable in our tri-culture system, unlike in the mono-culture system. We focused on the ZO-1 tight junction for each co-culture condition.
Based on immunofluorescence analysis (Fig. 3A) and western blotting analysis (Fig. 3B) , tri-culture conditions produced much clear and stronger ZO-1 expression than HBMEC monoculture conditions. All of these aforementioned analyses support the importance of using appropriate cell source and providing comprehensive cellular interactions in order to reconstitute the model which would further applied in drug development or disease studies targeted for human.
Our new 3D in vitro BBB system was shown to highly resemble the human BBB in terms of morphological phenotypes; by adopting the mechanism of CNS angiogenesis, we attempted to improve platform functionality based on these phenotypes. We focused on reconstituting the metabolic barrier function of the BBB, which is mainly responsible for preventing CNS drugs from crossing the endothelium into the brain region [29, 30, 41] .
By taking advantage of our perfusable vascular network that allowed us to introduce particles or drugs from intraluminal side ( Supplementary Fig. 1) , we could flow calcein-AM molecules through the vessel network, which mimicked the circulation of drug molecules in the blood stream (Fig. 4B ). As we tracked the decrease of fluorescence intensity over time (Fig. 4E ), the efflux rate in BBB tri-culture system showed lower than that of EC mono-culture system. This result was different from our initial hypothesis that the efflux rate would be higher in BBB model due to increased expression of p-gp. However, transport system in BBB is not only limited to p-gp, but it is orchestrated by various modes such as carrier-mediated, receptor-mediated or paracellular transport [42] [43] [44] ]. This complex system could not be fully reconstituted in our in vitro model, therefore, this should be targeted to improve functional physiology in following future studies. Nevertheless, our model prominently showed that the calcein molecule efflux rate was influenced by Valsopodar, a conventional inhibitor of multidrug resistant proteins such as p-gp, only when the vasculature was tri-cultured in the BBB microenvironment. In contrast, Valsopodar had no significant effect on 3D monocultured HBMECs (Fig. 4F ). This result implicates that ECs in BBB tri-culture model possess p-gp as a dominant efflux transport system. Cellular interaction and BBB microenvironment during maturation process may have contributed in this phenotype. In short, the model showed potential as a novel screening platform for numerous p-gp inhibitors that will eventually contribute to improving the efficacy of CNS medications [30, 34] .
Several assays and models have been used to study multi-drug-resistant proteins to modulate barrier function, however, none have attempted to reconstitute the in vivo microenvironment of BBB. Although the ultimate goal of regulating this protein is to increase the efficacy of human CNS drug delivery, most tests have been performed in mouse models [45, 46] and some human cell-based platforms have been restricted to 2D culture assays [33, 47, 48] with low physiological relevancy. Our platform, which allows for p-gp modulator testing in a highly in vivo-like microenvironment, will overcome these limitations and provide more reliable preclinical test results.
In 3D organ-on-a-chip model, ECM is the key component governing cell behaviors within the modeled tissues. Brain tissue is composed of complex ECM components, including HA, proteoglycans, and tenascins [35] . Among cells in the human BBB microenvironment, astrocyte phenotype and morphology are known to be largely influenced by the local microenvironment [36, 38] . This was clearly demonstrated by Placone et al. [37] , who manipulated the type and ratio of ECM including HA, and analyzed astrocyte morphology and active states under each ECM condition. To recapitulate the distinct star-shaped astrocyte morphology in the 3D in vitro model, we tuned the 3D ECM base using previously developed protocols [37, 49] . In our microfluidic devices, astrocytes exhibited a star-shaped morphology in the presence of HA when mixed with fibrin hydrogel (Fig. 5A) .
By tuning the hydrogel, we were able to obtain astrocytes with many protrusions; this morphology was crucial for enhancing astrocyte-EC interactions, such as outer vessel wall end-foot structures (Fig. 5B ). This is more than simply mimicking morphological structure since numerous studies have reported that astrocyte end-feet enhances the role of astrocytes in controlling homeostasis and repairing vascular damage in the CNS [3, 23, 50] . 
Conclusion
In this study, we reported a novel 3D in vitro BBB model that mimicked development of CNS angiogenesis.
This strategy relies on biological knowledge that the maturation of BBB functional and morphological phenotypes occurs via angiogenesis, which is different from typical vasculature development of other tissues. In this platform, primary human brain ECs exhibited BBB phenotypes such as narrow vascular morphology, high ZO-1 expression, and a functional metabolic barrier system only when both perivascular cells, human astrocytes and pericytes, were present. This finding indicates that complex signaling and interaction through direct contact are indispensable for the reconstitution of an in vitro BBB microenvironment. Moreover, tuning the 3D hydrogel matrix by adding HA on fibrin-based hydrogel caused astrocytes to show their typical in vivo star-shaped structure, thereby enhancing interaction with the endothelium via end-foot structures.
We verified the functionality of the model by testing a BBB metabolic efflux transporter inhibitor, p-gp.
Because p-gp modulation has been studied widely as an opportunity to enhance CNS pharmacotherapy, several inhibitors were screened prior to the study using in vivo models or simple 2D assays. Our experimental results
showed that the efflux rates of calcein molecules as a substrate of p-gp were significantly decreased when the inhibitor was pretreated only in the BBB tri 
